Lignin is deposited in precise patterns in some cell types. Two recent papers provide insights into how this is achieved in the Casparian strip of the root endodermis where a discrete band of lignin is crucial to regulating the passage of water and solutes.
Lignin is a waterproofing and strengthening cell wall polymer that is essential to the functioning of certain plant cells, particularly those involved in water transport. Water and dissolved solutes enter plants from the soil through the roots and are transported upwards in the lignified xylem to all parts of the plant. Radial passage across the root tissues and into the xylem is controlled by the endodermis, a thin layer of cells just outside the root vasculature. Endodermal cell walls are partially lignified to prevent passive movement along the apoplast (the cell wall space), thereby forcing all water and solutes to pass through the living endodermal cell cytoplasm where transit can be controlled. In many plants this lignified area amounts to just a thin waterproof band around each cell's circumference, the Casparian strip ( Figure 1 ). Two new studies published this year in Cell [1] and the Proceedings of the National Academy of Sciences (PNAS) [2] from the groups of Niko Geldner and David Salt (with co-workers) identify several proteins involved in the process of assembling a Casparian strip and provide the first insights into how this localized lignin deposition can occur.
Consult the literature of a decade ago or even four years ago and you will be informed that the Casparian strip is made of suberin, or suberin and lignin, but that virtually nothing is known about the mechanism of its assembly. Within the past three years, the establishment of molecular and cell biological tools for studying the formation of the Casparian strip in Arabidopsis have underpinned remarkably rapid progress. The first significant advance was the description of a plasma membrane sub-domain that coincides with the formation of the Casparian strip and that functions like a 'tight junction' attaching the membrane to the cell wall [3] . A family of proteins, the CASPs, was subsequently discovered that are precisely localized to the Casparian strip membrane domain and that are needed for Casparian strip production [4] . This was quickly followed by the appreciation that the Casparian strip is composed of lignin, not suberin, and is deposited as part of the primary cell wall before endodermal suberin biosynthesis even begins [5] . These recent advances set the scene for this year's discoveries that have enabled the proposal of a mechanism for precisely directing lignin deposition to the Casparian strip [1, 2] .
The first paper, published in Cell in April [1] , reported the identification of an NADPH oxidase that is required for Casparian strip formation, following a screen for mutants with a defective endodermal barrier. The authors rationalized that production of hydrogen peroxide by the NADPH oxidase RBOHF might provide a co-substrate for peroxidases involved in polymerizing lignin. Consistent with this hypothesis, an inhibitor of NADPH oxidases abolished localized production of hydrogen peroxide at early Casparian strips. Similarly, a peroxidase inhibitor blocked Casparian strip formation. A specific peroxidase, PER64, was identified that colocalized perfectly with CASP1 in both early and mature Casparian strips. Pulling these discoveries together, the authors propose that CASPs function as plasma membrane platforms that can bring together the NADPH oxidase and peroxidase (and possibly other cell wall-modifying enzymes) to mediate localized lignin polymerization at the Casparian strip.
In August this year in PNAS, a further player in this process was identified: a dirigent domain-containing protein, ESB1 [2] . Dirigent proteins lack catalytic activity but can direct bimolecular coupling reactions to dictate the stereochemistry of products such as lignans, although a previously proposed role in lignification [6] has been controversial. In the absence of ESB1, the well-organised structure of the Casparian strip is lost and, although there is enhanced deposition of lignin-like material and also ectopic deposition of suberin, the formation of an effective diffusion barrier is delayed. Interestingly, there seems to be a reciprocal dependence between ESB1 and the CASPs for localization at, and formation of, the Casparian strip domain since in the absence of either protein, the location of the other is altered [2] . These two papers [1, 2] not only begin to unravel the molecular mechanisms underlying Casparian strip assembly and endodermal function, they may also throw some light on the control of patterned or localized lignin deposition in other cell types.
Lignification has been extensively studied in stems and wood where it waterproofs the water-conducting xylem tracheary elements, and rigidifies both tracheary elements and xylem fiber cells to give strength and support to stems, roots and leaves. In young plants, the secondary cell walls of protoxylem elements are deposited in an annular or spiral pattern to allow for further cell elongation. Later, once cells no longer need to grow, secondary cell walls in metaxylem vessels have a reticulate or pitted pattern. Lignin deposition in xylem vessels appears to follow the patterning already laid down by secondary cellulose, which is in turn determined by the orientation of cortical microtubules. Recent evidence indicates that secondary cellulose deposition is excluded from cell wall pit areas by a membrane-anchored depolymerising protein, MIDD1, that actively disrupts microtubules, thereby defining pattern [7] . Another microtubule-associated protein, MAP70, appears to line the borders of microtubule bundles to define a boundary for secondary wall deposition and dictate where secondary cell walls will form [8] . The plant Rho GTPase ROP11 is also involved and recruits MIDD1 at the plasma membrane beneath pit sites [9] . In their turn, cortical microtubules can eliminate active ROP11 from the plasma membrane, mediated by MIDD1. This mutual inhibitory interaction between active ROP11 and cortical microtubules initiates the establishment of secondary wall pattern [9] and dictates where secondary cellulose will be positioned.
It is not clear how lignification is subsequently restricted to the regions where secondary cellulose has already been deposited. Despite intensive study due to its relevance to several industrial applications (e.g., paper-making, biofuels, and biorefineries), lignin deposition is still yielding its own fair share of surprises. Just last month, discovery of a new biosynthetic enzyme, caffeoyl shikimate esterase (CSE), was reported [10], when most researchers thought that the biochemical production pathway had been fully defined over a decade ago. Within the last three years, genes involved in the transportation and polymerization of the monolignols may also, finally, have begun to come to light. A plasma membrane ATP-binding cassette transporter has been identified that appears to be involved in exporting pcoumaryl alcohol monomers destined for polymerization into lignin in roots, since loss-of-function Arabidopsis mutants have lower levels of root lignin [11] . The first truly conclusive genetic evidence has been presented that identifies some of the polymerizing enzymes, two laccase genes (LAC4 and LAC17) that are clearly involved in lignification in Arabidopsis fiber cell walls and possibly, to a lesser extent, in tracheary elements [12] . Very recent evidence suggests that a microRNA may be involved in controlling expression of the laccases and peroxidases that polymerise lignin [13] . Lignin biosynthesis is beginning to give up some of its remaining secrets.
Nevertheless, like all the best science, the discoveries summarized here, while greatly advancing understanding, prompt many new questions and remind us of old questions still to be answered. To what extent are the processes defining lignin patterning in the Casparian strip and tracheary elements likely to coincide so that discoveries in one system can inform the other? For both, the importance of plasma membrane microdomains is emerging as a crucial feature potentially defining the site of lignin polymerization in the Casparian strip, and sites of secondary cellulose synthesis and deposition in tracheary elements. Is the assembly of lignin biosynthesis machinery at the plasma membrane in endodermal cells a special case necessitated by the need for a tight plasma membrane attachment (Figure 1) ? Or does it reveal a mechanism used by other lignifying cells, albeit with distinct protein players, even if only in the early stages of lignification? We know that tracheary elements can lignify post-mortem [8, 14] and it seems that both monolignols and reactive oxygen species can be supplied by living neighbouring cells [14] . Influx of precursors from outside the lignifying wall suggests that the monolignol oxidizing laccases and/or peroxidases that must be deployed before death are likely located throughout the secondary wall as it is hard to envisage how the outer wall could lignify if the enzymes were all scaffolded to the plasma membrane ( Figure 1 ). Understanding how and where the polymerizing enzymes are localized (and their identities, since all have clearly not been uncovered yet) will clarify this and also help explain the mechanism whereby lignin in tracheary elements follows the templating pattern of secondary cellulose (possibly through intercalating xylan). The role of ESB1 and other dirigent-domain proteins remains to be fully elucidated and the identity of NADPH oxidases or other enzymes responsible for producing the hydrogen peroxide and/or oxygen substrates for peroxidases/laccases need to be identified. All in all though, we now have several more bricks in the wall. In endodermal cells where lignin is part of the primary wall forming the Casparian strip, several proteins involved in lignin production potentially associate with a plasma membrane scaffold whose position determines the site of lignification. In tracheary elements, lignin is deposited throughout the secondary cell wall following the pattern already laid down by secondary cellulose. Little is known about the localisation of the proteins involved but models must accommodate the process of post-mortem lignification and the use of monolignols from neighbouring live cells.
